ABSTRACT In this paper, a two-way multi-antenna and multi-relay amplify-and-forward (AF) network with hardware impairments is analyzed. The opportunistic relay selection scheme is used in the relay selection. Maximum ratio transmission and maximum ratio combining were used in transmitted and received slot by the multi-antenna relay, respectively. In this paper, we consider two AF protocols, one is variable gain protocol and the other is fixed gain protocol. Especially, the closed-from expressions for the outage probability of the system and the closed-expressions for the throughput of the system are derived, respectively. The system performance at high signal-to-noise ratio (SNR) is very important in real scenes. In order to analyze the impact of hardware impairments on the system at high SNRs, the asymptotic analysis for the system is also derived. In order to analyze the power efficiency, the closed-form expression for the energy-efficiency performance is derived, and a brief analysis is given, which provides a powerful reference for engineering practice. In addition, simulation results are provided to show the correctness of our analysis. From the results, we know that the system will have better performance when the number of relay is growing larger and the impairments' level is growing smaller. Moreover, the results reveal that the outage floor and the throughput bound appear when the hardware impairments exist.
I. INTRODUCTION
Two-way relay is a promising technique that can transmit or receive the signal at the same time [1] . Two-way relay has been a hot topic in recent years [2] - [4] , which could bring a great performance increasing in the relay networks, especially the frequency efficiency. On the other hand, relay selection technique has been identified as an efficient way to achieve spatial diversity of cooperative networks with multi-relays.
Full relay selection [5] and partial relay selection [6] are the most two common relay selection algorithm among the various selection schemes. Due to low and relatively quick implementation complexity [7] , [8] , the opportunistic relay selection has received much interests in academic and industry as a special relay selection. The opportunistic relay selection has been broadly used in multi-relay networks in [9] and [10] .
Yang [11] and Li et al. [12] investigated the maximum ratio transmission (MRT) and maximum ratio combining (MRC) technologies. MRT and MRC can bring great performance to the network, hence it is widely used in the multi-antenna networks. There are so many papers analyzing the MRT and MRC technique. Here, we just take two representative papers to be analyzed. Li et al. [13] analyzed the outage probability in multi-antenna networks. MRT was used by the relay towards better performance. Yang et al. [14] analyzed the secrecy performance of the network and used MRC technique in the networks. MRT and MRC can bring better system performance, hence these two technologies are always used in multi-antenna networks.
However, owing to the limitation of technical level, in practice, hardware often suffers from several impairments: such as, phase noise, I/Q imbalance and high power amplifier (HPA) nonlinearities [15] - [17] . Bjornson et al. [18] summarized the above factors and proposed a general hardware impairments (HI) model which includes all the factors. Until now, there are some papers analyzing the impact of hardware impairment on the network. In what follows, several representative papers are introduced below. Bjornson et al. [19] analyzed the impact of HI on the multiinput-multi-output (MIMO) networks. The authors analyzed the effect of HI on the MIMO networks, the authors found that the system would have a capacity bound when the hardware suffers from impairments, which would be the imminent assumption.
In [20] and [21] , partial relay selection and opportunistic relay selection scheme was used in the multi-relay networks with HI, in addition, power allocation was also analyzed in this network. From the provided analysis of the authors, it is obvious that the system will have better performance when using opportunistic relay selection scheme than that of partial relay selection scheme, but has a strict requirement of channel state information (CSI), hence better system performance is not easy to achieve. Xinlin et al. [22] analyzed in primary level the impact of HI on the MIMO networks, while in Xinlin et al. [23] analyzed the impact of HI on the MIMO networks in detail. Xia et al. [24] analyzed the impact of HI on MIMO networks and gave the optimal beamforming vector. The authors found that the optimal beamforming value is different from that of ideal hardware, which is the character of the HI MIMO network. Matthaiou et al. [25] analyzed the impact of HI on the two-way relay networks taking into consideration that no impairments exist at source. In [26] , although the authors analyzed the two-way multi-relay networks and took the HI at source into account, but the twoway relay is equipped with signal antenna. You et al. [27] analyzed the two-way MIMO HI networks, unfortunately, the authors just considered one relay. Hence, from the above discussion, we know that it is very important and necessary to analyze the impact of HI on the two-way multi-antenna multi-relay networks.
The main contributions of this paper are summarized as follows:
• Firstly, we consider two AF protocols: one is variable gain protocol and the other one is fixed gain protocol.
• Secondly, we derive the closed-form expression for the outage probability and throughput of the system, which provides a fast way to evaluate the impact of HI on the networks.
• Thirdly, in order to get some direct results at high SNRs, we derive the asymptotic expressions for the system, which gave us an efficient way to see the impact of HI on the system at high SNRs.
• Finally, the energy efficiency performance is analyzed in this paper. The rest of this paper is organized as follows. The system model is described in Section II. In Section III, the signal-tonoise-distortion-ratio (SNDR), the closed-form expressions, asymptotic expressions for the outage probability, throughput and the energy efficiency are derived. Simulation results are presented in Section IV along with representative numerical results. Finally, this paper is concluded in Section V. 
II. SYSTEM AND CHANNEL MODELS
As shown in Fig. 1 , we consider a two-way multi-antenna multi-relay network with HI. Two sources are considered which is S 1 and S 2 , S 1 and S 2 are equipped with single antenna. N 1 two-way relay (R) with M 1 antenna are considered. As the network is to be used in the cellular network, so all the channels can be assumed to independent Rayleigh fading channels. Both the source and relay are impaired with HI. Due to the heavy fading, we assume that there is no direct link between S 1 and S 2 . S 1 communicates with S 2 versus the help of R. The communication takes two time slots. In the first time slot, S 1 and S 2 transmits its signal to i-th R at the same time respectively. Hence the received signal at R in the first time slot is given by
where w † 1 is the beamforming vector of S 1 -i-th R (i = 1, . . . , N 1 ) channel, (·) † is the conjugate transpose operator, due to MRC is used at i-th R, hence,
, · F denotes the Frobenius norm or else known as the Euclidean norm of a matrix, h 1i denotes the channel coefficient vector of S 1 -i-th R channel which is formed as Rayleigh random variable (RV), x 1 is the transmitted signal from S 1 with power of P 1 = E |x 1 | 2 . w † 2 is the beamforming vector of S 2 -i-th R channel, MRC is also used at i-th R, hence, w 2 = h 2i h 2i F , h 2i denotes the channel coefficient vector of S 2 -i-th R channel which formed as Rayleigh random variable (RV), x 2 is the transmitted signal from S 2 with power of P 2 = E |x 2 | 2 . v R i is the M 1 × 1 additive white Gaussian noise (AWGN) vector which can be expressed as
, η 2it and η R i are the additional distortion noise terms cased by HI, which can be written as η 1it ∼ CN (0, ϒ 1it ), η 2it ∼ CN (0, ϒ 2it ) and η R i ∼ CN 0, ϒ R i , respectively. Theoretical investigations and several measurements have suggested that [22] , [23] 
where k 1it , k 2it , k 1ir and k 2ir are sufficient to characterize the aggregate level of impairments of S 1 -i-th R and S 2 -i-th R, respectively. As the AF protocol is used, the transmitted signal s R i of R i is given by
In this paper, we consider two AF protocol, one is variable gain protocol, the other is fixed gain protocol. Two protocols are used into different conditions, variable gain protocol can be used to the case which the relay has lower signal processing ability. The fixed gain protocol is used to the case that the relay has powerful signal processing ability.
In variable gain protocol, G is defined as
where q li = |h li | 2 denotes the channel gain between S l and R i . P R i is the power of the i-th R.
In fixed gain protocol, G is the expectation function, where can be expressed as
In the second time slot, without losing of generality, the received signal of S i from R i can be expressed as
where
. By the same way, the SNDR expression of y 2i in variable gain protocol is also given by
In fixed gain protocol, substituting (5) into (9), the SNDR of y 1i is given by
. By the same way, the SNDR of y 2i in fixed gain protocol is given by
. Then the SNDR of the i-th R link at S 1 is given by
As opportunistic relay selection scheme is used by the system, hence the end-to-end SNDR γ e of the system is given by
B. THE OUTAGE PERFORMANCE OF THE SYSTEM
Before deriving the outage probability of the system, we first give the probability distribution function (PDF) for λ 1i and λ 2i as
are the distinct diagonal elements in decreasing order, τ ξ (B) is the multiplicity of µ i , and χ ξ,ϑ (B) is the (ξ, ϑ)th characteristic coefficient of B [8] .
In wireless systems, the outage probability is an important quality-of-service (Qos) performance measure, which is defined as the probability that the instantaneous SNDR γ e falls below an acceptable threshold x 0 . The outage probability also expresses the probability of imminent system failure for a certain data rate. With the help of (15), the outage probability of the system is given by
From (18), we know that the key point is to derive the cumulative distribution function (CDF) of Pr (γ i ≤ x 0 ) in two conditions. Next, the CDF in two conditions are derived respectively.
With the help of (14), we can write Pr
where Pr (γ 1i ≤ x 0 ), Pr (γ 2i ≤ x 0 ) are the CDF of the γ 1i and γ 2i respectively. As S 1 and S 2 are equal in this system, hence we first get the expression of Pr (γ 1i ≤ x 0 ). With the help of (10), Pr (γ 1i ≤ x 0 ) in variable gain protocol is given by (20) , as shown at the top of the next page.
Substituting (16) and (17) into (20), with the help of [28] and after some simplifications, (20) is given by (21) , as shown at the top of the next page. In (21), F =
and K v (·) is the vth-order modified Bessel function of the second kind.
By the same way, the expression of Pr (γ 2i ≤ x 0 ) is given by (22) , as shown at the top of the next page. In (22) ,
Substituting (21) and (22) into (19) , the closed-form expression for Pr (γ i ≤ x 0 ) in variable gain protocol is derived.
With the help of (12), P (γ 1i ≤ x 0 ) in fixed gain protocol is given by
Substituting (16) and (17) into (23), (23) is given by (24) , as shown at the top of the next page. In (24) ,
By the same way, the expression of P (γ 2i ≤ x 0 ) in fixed gain protocol is given by (25) , as shown at the top of the next page. In (25) ,
Substituting (24) and (25) into (19) , the closed-form expression for P (γ i ≤ x 0 ) in fixed gain protocol is derived.
With the help of (15) and opportunistic relay selection is used by R, hence the closed-expression for Pr (γ e ≤ x 0 ) is given by
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The throughput is another important factor to evaluate the system performance, especially the source. According to [29] , the throughput for two time slots networks is defined as
By substituting (26) into (27), the closed-from expression for the throughput of the system is derived. In order to save the paper space, hence the final expression is left.
D. THE ASYMPTOTIC ANALYSIS OF THE SYSTEM
The asymptotic analysis is another important factor that reflect the impact of HI on the networks which we considered. In this subsection, we derive the asymptotic outage probability at high SNRs to gain further insights into the considered network. Denoting P 1 = P 2 = µP r , where µ > 0 and P 1 → ∞. It is easy to see that the SNDR of in (10) and (11) become asymptotically equal to (28) and (29) .
With the similar manner, when G is larger enough, (12) and (13) can be rewritten as (30) and (31), respectively.
By using (28), the asymptotic expression for the outage probability at S 1 with x 0 < 1 A 1 is given by
By substituting (16) and (17) into (32), (32) is given by (33), as shown at the top of the next page.
Then the outage probability of the system at high SNRs at S 2 with x 0 < 1 A 2 is given by
By substituting (16) and (17) into (34), (34) is given by (35), as shown at the top of the next page.
With the help of (16) and (17), (30) and (31) are given by (36) and (37), as shown at the top of the next page respectively.
Substituting (33) and (35) into (19), the asymptotic closedfrom expression for the outage probability at high SNRs of ith link in variable gain protocol is derived as
Substituting (36) and (37) into (19) , the asymptotic closedform expression for the outage probability at high SNRs of i-th link in fixed gain protocol is given by
Then substituting (38) and (39) into (26), the closed-from expression of the system for the outage probability is derived as
Substituting (40) into (27) , the asymptotic closed-from expression for the throughput is derived. In order to save the space of the paper, hence the final expression is left.
E. THE ENERGY EFFICIENCY PERFORMANCE
Based on the conception of system throughput, energy efficiency is defined in [29] . For a certain throughput of signal transmitting, it does cost some power, including required transmitting power and some extra power loss of circuit. In the considered system, the extra power loss of circuit comes from HI. The energy efficiency under HI can be defined as (41), as shown at the top of the next page.
By substituting (27) into (41), the analytical closed-from expression for the energy efficiency is derived. By the same way, substituting the asymptotic expression of throughput into (41), the asymptotic analysis is derived.
IV. NUMERICAL RESULTS
In this section, some representative numerical results are provided to evaluate the system performance. In order to simplify the analysis, the impairments level of S 1 , R and S 2 are considered same. The analytical results agree well with Monte Carlo simulations, implying the correctness of the derived theoretical formula. Some illustrations for the simulations and figures are given as follow:
• We assume that k 2 1it +k 2 1ir = k 2 2it +k 2 2ir = k 2 rit +k 2 ir = k 2 ; • R s = 2 bit/s and M 1 =3;
•λ 1i =λ 2i =λ is assumed to be same for the simulations.
• Case1: k = 0; Fig. 2 plots the outage probability of the system in variable gain protocol versus λ with x 0 = 1dB. Firstly, from Fig. 2 , we can find that the simulation results are sufficient across the theory results, which shows the correctness of our analytical analysis. What's more, the asymptotic results are the same with both the simulation results and analytical results at high SNRs, which prove the correctness of our asymptotic analysis. Secondly, the results tell us that when N 1 becomes larger, the system performance will be better. The system will have worse performance when the impairments' level is larger. Finally, we know that the impairments level will have little impact on the outage probability when the impairments' level is lower, but it will have great impact on the outage probability when it is larger. VOLUME 5, 2017 FIGURE 2. Outage probability of the system in variable gain protocol versus λ with x 0 = 1dB.
FIGURE 3.
Outage probability of the system in fixed gain protocol versus λ with x 0 = 1dB and G = 4. Fig. 3 examines the outage probability of the system in fixed gain protocol versus λ with x 0 = 1dB and G = 4. Comparing Fig. 2 with Fig. 3 , we find that the outage probability of the fixed gain protocol is lower than that of the variable gain protocol at the same SNR, which shows the advantage of fixed gain protocol. From the results, we can also find that when N 1 becomes larger, the system performance will be better. From the results, we also can find that the outage probability will be a fixed value at high SNRs, which just has the relation with N 1 and impairments level. Fig. 4 shows that the outage probability of the system in variable gain protocol versus different x 0 with λ = 30dB. The outage threshold will have a bound, which is proved in (21) and (22) , when the threshold is larger than the bound, the outage probability will be always 1. But when the system has ideal hardware, there is no threshold bound, the outage probability will increase to 1 with the threshold increasing to infinite. From Fig. 4 , we also can see that the larger impairments level is, the lower threshold bound is. What's more, we find that the outage threshold bound just has the relation with impairments level and has no relation with N 1 . Fig. 4 , which has been proved by (24) and (25) . This means that the system is easy to be interrupted in fixed gain protocol. Fig. 6 illustrates the throughput of the system in variable gain protocol versus λ with x 0 = 3dB. From Fig. 6 , we know that the throughput is lower than that of the ideal hardware system, when the system is under HI. The results from Fig. 6 tell us that the system will have better performance when the level of the HI is lower. Fig. 6 also depicts that when the channel is under heavy fading, the system will have worse performance. From Fig. 6 , we also can know that when N 1 becomes larger, the throughput will have larger value, besides, we find it that when the impairments level is lower enough, the impact of HI can be ignored. Fig. 7 tells us that the throughput of the system in fixed gain protocol versus λ with x 0 = 3dB and G = 4. From the results, we know that the simulation results are sufficient tightly across the analytical results, which prove the correctness of our theory results. From the results, we also know that the impact of impairments level will be weaker when N 1 is becoming larger. Fig. 8 examines the energy efficiency performance of the system in variable gain protocol versus λ with x 0 = 3dB. Firstly, we can see that the simulation results are sufficient tight across the theory analytical results. Secondly, when the impairments level k is larger, the optimal energy efficiency point is larger too. Finally, we know that when k is larger, the energy efficiency is lower. What's more, we know that when N 1 is larger, the system will have better system performance. Fig. 9 illustrates the energy efficiency performance of the system in fixed gain protocol versus λ with x 0 = 3dB and G = 4. Firstly, we can see that the simulation results are sufficient tight across the theory analytical results. Secondly, when the impairments level k is larger, the optimal energy efficiency point is larger too. Finally, we know that when k is larger, the energy efficiency is lower. What's more, we know that when N 1 is larger, the system will have better system performance. Compared with Fig. 8 , we can find that the energy efficiency for the fixed gain protocol is larger than the variable gain protocol. But we should know the condition G = 4 is not easy to be achieved.
V. CONCLUSIONS
This paper analyzed a two-way multi-antenna multi-relay AF network with HI. The opportunistic relay selection scheme is used. MRC and MRT were used in the relay at the first and second time slot, respectively. Two AF protocols were considered in this paper. Specially, we derived the closed-form expressions for the outage probability, the throughput and energy efficiency performance. In order to evaluate the impact of HI on the system at high SNRs, the asymptotic results were derived. From the results, we knew that the outage threshold occurred when the HI existed. The larger impairments level was, the worse system performance was. In addition, we found that when N 1 became larger, the system would have better performance. What's more, we found that the performance will be better when using fixed gain protocol. But we should know that power consumption of the fixed-gain protocol is larger than that of variable gain protocol.
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